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T HE CORROSION BEHAVIOUR of mild steel embedded in concrete containing various proportions of clay and partially immersed in sea water. sodium chloride and sodium sulphite solutions respectively. has been studied in 
rhis investigation by potential measurements using a digital voltmeter and a Cu/ CuS04 electrode. A reduction in 
corrosion behaviour in all the corrosive test media was obtained when increasing proportions of the toTal toncrete mix 
(Porrland cement) were being replaced with increasing percentages of clay additions. This has been attributed to the 
n:ducrion in porosity of the concrete matrL'C due to the addition of fine clay. which hinders the mobility of chloride. 
sulphide. sulphate and other ions in the sea water. The clay additions also provide increasing bonding strength and 
m uses a reduction in the carbonation process. Corrosion reactions in sea water were found to be more than in NaCI 
solution. and sodium sulphide solution has the lowest tendency towards corrosion. The addition of clay to the concrete 
mix \\'as found to be ben~ficial to an extent to'r'.:ards corrosion prel'ention or control. 
introduction 
The desire to ga in more knov.:ledge about 
co rrosion phenomena and their prevention or 
co·ntrol in steel reiQforced concrete structures has 
heen of utmost contern and interest. in particular 
to corrosion scientists and engineers. for quite some 
time. The prevention of ·metallic corrosion in 
structures. and the consideration of its effects in 
initial design and fabrication or later during in-
service inspection 2nd retrofit. is vital in ensuring 
the · expected longevity of the structure. A 
consideration of the ramifications of corrosion and 
its prevention in di fferent types of structures such 
as modern high-rise buildings. multi-storey car 
parks. stadia. bridges and other specialized 
structures has been mentioned[!] . 
Various means have been derived to control 
corrosion in structures. Among these means are 
cathodic protection. applying barrier coatings on 
the embedded steel to resist corrosion. and 
application of similar barriers to the concrete 
surface to resist penetration of the constituents 
contributing to corrosion. It is believed that 
addition of other fine mineral particles or dusts to 
concrete mixes could protect or aggravate corrosion 
by either enhancing the passivity of the embedded 
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steel or by contributing to its breakdown. Therefore. 
an investigation has been carried out to determine 
the effects of addition of micro-silica or condensed 
silica fume to cement pastes on the durability of 
reinforcing steel in concrete. particularly under 
circumstances in which chloride-contami·nated 
concreting materials are liable to be 
encountered(2]. 
The objective of this current work is to look at the 
effect of fine clay particle additions to cement paste 
on the corrosion behaviour of embedded steel in 
concretes. In addition to other factors. the results 
obtained will help to de.terrnine the suitability of 
clay as an addition to a concrete mix. 
The general term 'clay' refers to a group of 
minerals in which the chief constituent is hydrated 
silicate of alumina. This group occurs as aggregates 
of minute flakes. the chemical structures of which 
consist of sheets of atoms. the nature and detailed 
arrangements of which determines their bonding 
characteristics[3]. The two major forms of clay are 
kaolinite (AhOJ.2Si02.2H20) and bentonite (with a 
general formula Ah0J.4Si02.XH20). The clay used 
in this work consists more of kaolinite mineral than 
montmorillonite - the major mineral in the 
bentonites as observed from x-ray diffraction[4] . 
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Constituent Concentration 
K+ ppm 300 
% 0.03 
Na+ ppm 1710 
% 0. 1}1 
Ca 2+ ppm 1120 
I % 0. 112 
I 
I 
I 
I Fe ppm 8080 
g. 
0 0.808 
I 
Table l. Chemical composition of lgbokoda clay. 
Th e c lay was obtained from Igbo koda in Nigeria. 
''-h e re am o ng its uses has been t raditional hou~c 
-: o nstruction. 
Sea water was used in thi s study to represe nt o r 
~ imula te the marine environmen t. while sodi um 
-: ulphite was used to si mulate a n industrial or 
ch emical-industrial environment. Sodium ch loride 
\'. J S used because of its aggressi ve corros ion 
r..: ac ti o n (d ue to the C l ion) in stee l- re info rced 
L·onc retes[S-7]. 
C o ncrete is a hard. dense material th at consists 
o f ce ment paste su rrou nding aggrega te particles. 
The behaviour of steel in contact with concrete is 
generally governed by the properties of the 
Po rtland cement. which is a n a lkalin e material 
resu lting from th e presence of Ca(O H)2 and other 
so luble alka line salts. The pH of a saturated 
Ca( OH) ,solution is known to be approximately 
12.5[ 1] . It is also known that under these 
circumstances and in the presence of m ois ture and 
oxygen. the steel will be in a passiva ted condition 
due to the formation of a thin film of oxide -
generally co nsidered to be FeOOH. However. the 
behaviour of steel in concrete as it is influenced by 
high pH can be drastically a ltered by two primary 
factors[1.8]. The first is carbo nation. or the reaction 
of the Ca(OH)2 with C02 from the air to form 
calcium carbonate (CaCOJ) which Jowers the pH of 
the concrete. Under these conditions. the steel is no 
lo nger pass ive, but can become active and corrode 
significantly. This is a process of carbonation 
whic h is a function of the porosity of the concrete. 
itself a function of other factors a mong which is the 
water/cement ratio. Corrosion of embedded steel 
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Fig.1. SEM/ EDS qualitative a nalysis of lgbokoda clay. 
due to carbonation is commonly prevented by 
using protective coa tings o n steel or using 
inherently corrosion-resistant materials such as 
stai nl ess stee l. 
The intluence of c hl oride is the second major 
facto r to corrosion of embedded steel in concre te. 
In s ufficient 4u a ntity. chlo ride prevents th e 
formation of th e initial protective oxide film on 
steel (if the chl o ride is present in the material mix 
d uring the curing process). or. if added later. breaks 
down the passive film a nd allows corrosion to 
proceed hy a mechanis m simil a r to the pitti ng of 
stai nless steel pass ive film s by chlo ride. 
With reference to the above review. it is expec ted 
in this work that the additio n o f clay will have so me 
modifying effect on the rate at whic h C02 from the 
air could penetrate the co ncrete to reac t with the 
Ca(OH)2 due to the clay's finely-particul a te nature. 
its bonding tendency. and the fact that it would 
alter the chemistry of the co ncrete co mposition. Iri s 
a lso expected that the ca rbonation process which is 
a function of the porosi ty o f the co ncrete could be 
affected by the add ition of clay: and also that the 
reaction and/ or free moveme nt of chloride io ns 
within th e concre te could be hinde red. 
Experimental procedure 
Preparation of slab samples 
The reinforced slabs used for th e experiments 
conta ined cement, sa nd and grave l in the ratio 
I :2 :4. with varying a mounts of clay p~ rticl e 
addition as given below. Each slab was 160mm 
long. JOOmm wide and lOOmm thick: some were 
made with no c lay addition. while others were 
made with 5%. 10% a nd 15% clay add itio n . 
The type of cement used was P ortland. while the 
Igbokoda clay h ad the chemical co mposi tio n listed 
in Table I. 
After drying in the oven. the clay was ground into 
fine particles. and a water/cement ratio of 0.9 was 
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CuS04 Cry.stals 
Reinforcing steel 
co ntaining vessel 
Fig .2 . S chematic diagram of the experimental set up. 
used for mixing the clay with the cement. sand and 
gravel. 
The embedded cylindrical reinforcing steel bar 
used was of type ST-60 mild steel obtained from 
Oshogbo Steel Rolling Mill Co Ltd. Nigeria. It had 
a chemical composition of 0.35%C. 0.30%Si. 
l.6%Mn. 0.04%P. 0.04%5. 0.25%Cu. O. I%Cr. O.l%Ni. 
O.II%N. the remainder heing Fe. The 120-mm 
diameter steel bars were each cut into 160-mm 
lengths. 
Before embedding in the concrete. mill scale was 
removed using silicon carbide 120 and 240 abrasive 
paper: 140mm of each steel bar sampie was 
emheuded in each concrete. while the remaining 
20-m m portion outside was useu for electrical 
connection to a voltmeter. The outside portion. with 
the exception of the point of wire connection. was 
painted with epoxy paint to prevent its corrosion by 
moisture . 
pH measuremem 
!Ogm of the fine clay particles we re dissolveJ in 
.50m l of JistilleJ water. Irs pH was mcasureJ with a 
pH meter. 
SEM analysis 
A scanning electron microscope (SEM) e4uipped 
vvith energy Jispersive spectrophotometer (EDS) 
was used 4ualitatively to analyse the chemical 
composition of the clay (Fig. I). 
Test solutions 
The so lu tions used as corrosive media in this work 
were: 
sea water: 
l M NaCI solution: 
O.:.M Na2S01 solution . 
Potential measurements 
The experimental set up in this work (Fig.2) 
fol lows the same procedure as has 'been previously 
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Fig.3 . Variation of corrosion potential with time for mild steal in concrete 
without clay content. Note: x = 0.3M NazSO, solution; = • 1M NaCI solution; 
o = sea water. 
described[5]. Each of the steel-reinforced concrete 
slabs with and without different percentages of clay 
addition was placed. in tum. in a rectangular 
plastic vessel. and one of the three above test media 
added. A copper/copper sulphate electrode was 
then placed on the concrete slab and firmly 
clamped. The Cu/CuS04 electrode was connected 
to the voltmeter by an insulated Oexible wire. and 
the voltmeter was similarly connected to the outside 
portion of the reinforcing steel bar to complete the 
circuit. Readings were taken at five-day intervals. 
and this procedure was repeated for every test 
medium used . The readings thus obtained were 
used to plot mean-corrosion-potential vs time-of-
exposure curves . 
Results and discussion 
· The clay"s pH of 4.2 shows that it is acidic. 
indicating that its chemical composition is rather 
more influenced by calcium ions than sodium ions. 
At this pH value the clay was viscous due to the 
Oocculation[9] of the clay platelets. 
Though a previous chemical ana lysis has shown. 
in part. that the chemical composition of the clay 
was as shown in Table l. the SEM/ EDS ana lysis 
(Fig.!) did not indicate the presence of sodium ions. 
0% clay addition 
Fig.3 shows the curves of mean corrosion 
potential vs time of exposure (in days) for the steel 
reinforced concrete slab specimens without clay 
addition. and partially immersed in sea water. 
sodiu m chloride and sodium sulphite solutions. 
The NazSOJ medium showed very little corrosion. 
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Fig.4. Variation of corrosion potential with time for mild steel in concrete with 
5% clay content. Note: x = Na2SO:a soJution; • == 1M NaCI solution: ·; = sea 
water. 
Though the curve indicates an active corrosion 
reaction throughout the whole experimental period. 
co rrosion did not start until about the 40th day of 
the experiment. when the potential was about 
350mV. With reference to a Cu/CusoK~ electrode. a 
potential within a range of 0-200mV ind icates no 
corrosion occurrence and a passive corrosion 
reaction. and the range 200 to 350mV indicates an 
active or passive condition{8] . The modest 
corrosion reaction in N:12SOJ is Jue to the weak 
nature of the sulphurous acid produced hy the 
reaction of the solution with water: 
2NaOH + H2SO.• 
which could not depassivate with ease the passive 
film on the embedded steel bar caused hy the 
alkaline nature of the deposit. 
In the first 10 days of the experiment. the NaCl 
solution has a passivating effect on the embedded 
steel in the concrete. as does the sea water in the 
first five days. The reacting ion species. particularly 
the o- ion. could not depassivate the hydroxyl 
passivating film on the steel bar within these 
periods. However. from the lOth day of the 
experiment. there was an increasing corrosion of 
the steel bar in the NaCl solution right up to the 
end of the experiment on the 50th day. It was 
observed, though. that very little corrosion occurred 
during the period between the 15th and 40th days. 
which was undoubtedly as a result of the 'stifling' 
nature of the corrosion deposits on the corrosion 
reactions. The sodium chloride solution was far 
more corroding than the Na2SOJ solution due to 
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Fig.S. Variation of corrosaon potential with time for mild steel in concrete with 
10% clay content. Note: x = O.JM Na.2S02 solution; • -= 1M NaCI solution; o = 
sea water. 
the chloride ions which could more easily penetrate 
the passivating film . 
The sea water was the most corrosive of the three 
corrosive media. Though with little fluctu ation 
between the 15th and 30th days. the medium 
showed active corrosion throughout the 
experimental period after the first five Jays. The 
corrosive nature of the sea water is not unexpected 
considering the various anions and cations it 
contained. including the aggressive cr ions. 
Further comments on the effect of the sea water will 
he given later in this discussion . 
5% clay addition 
The addition of 5% clay to the concrete mixture 
caused some changes in the corrosion behaviour as 
shown in Fig.4. All the corrosion potentials 
recorded increased in the positive direction when 
compared with those of Fig.3. except for the sea 
water medium on the 50th day. which maintained 
the same potential of -600m V. 
All the initial potentia ls increased: that is. they 
became more passivating when compared with 
those in Fig.3. The curve for the sodium sulphide 
medium, though showing an active corrosion 
reaction after the 25th day. did not reach the 
corrosion range until after the 45th day when the 
recorded potential fell below -300mV. Also. the 
active corrosion in NaCl solution started after the 
30th day and continued to the end of the 
experiment. with a potential of -470mV compared 
with -575mV recorded for the specimen without 
clay addition. The sea water shows a fluctuating 
curve of active and passive corrosion reactions for 
CORROSION PREVENTION & CONTROL August 1989 
r 
~ 
~ -100 
> 
~ 
-ro 
:;: 
c 
Ql 
...... 
0 
a. 
c 
0 
·~ -500 
c:... 
0 
u -600 
c 
10 
Ql 
E -700.___... _ __,_ _ __,__ _ _,___..:..._____J 
0 10 20 30 40 50 60 
Exposure time {days) 
Fig.6 . Variation of corrosion potential w ith time for mi ld steel in concrete with 
15% clay content. Note: x = 0 .3M Na:t503 solution; • = 1M NaCI solution; c = 
sea water. 
the first 20 Jays of the experimen t. bdore the 
predomi nant active corrosion set in and lasted until 
the end of th e ex periment. 
The implication of these results is that 5% day 
addition to the concrete mixture has either 
impa rted so me passivity onto the embedded steel 
whic h makes it difficult for the reacting species 
(ions) to penetrate the pass ivat ing fi lm. or that the 
tine clay particles have produced very ti ne pores 
that make it difficult for the reacting ions to move 
free ly to the steel bar. The chemistry of the concre te 
mixt ure might have also been changed. thereby 
causi ng less co rrosion reactions: this will be further 
explained later. In Fig.4. th e orde r of the corrosion 
reac tions' magnitude is: sea wate r > NaCI solution 
> Na2SOJ solution. due to the sa me reasons given 
ea rlier. 
10% clay addition 
Fig.5 shows th at there was a drastic diminishing 
o f the active corros io n reaction of the embedded 
steel ba r in the three different tes t media with the 
additi o n of 10% clay to the concrete mixture. Even 
with aggressive and corrosive sea water. all the 
recorded potentials were above -500mV except for 
o n the 50th day (-515mV). The only well-defined 
active corrosion reactions reco rded for the sea 
water started after the 30th day: the NaCl solution 
did not reco rd any potential more negative than 
-500 mY. and the Na2SOJ solution maintained a 
very weak and slightly-active corrosion reaction 
only after the 30th day of the experiment. 
It could thus be seen that an increase in the 
percentage of clay content of the concrete mixture 
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caused a furt her reduction in the co rrosion reaction 
occurring at the interface of the embedded steel bar 
and the concrete mat rix. 
Jj% clay addition 
The trend of corrosion behaviour. in general. as 
shown in Fig.6 with 15% clay content in the 
concrete mixture. is different fro m that of Fig.5 in 
that the sea water maintained an almost steady-
state corrosio n behaviour up to the 35th day except 
for a slight cha nge on the 15th day of the 
experiment. The most negative potential reco rded 
was -SOOmY. and active corrosion started mainly 
after the 35th day. In the sodium chloride solution 
the embedded steel bar remained at potential 
values (between -200 and -300mV CSE) where 
corrosion did not occur (the passive conditio n) for 
the first 30 days of the experiment. The corrosion 
that occurred in the last 15 days could not be said to 
be much. as · indicated by the potential values 
-310mV (at the 35th day) and -470mV (at the 50th 
day) of the experiment. 
20% clay addition 
With 20% clay addition to the conc rete matrix. 
the corrosion reactions and hence the corrosion of 
the embedded steel was very much further reduced. 
The increased clay content also further reduced the 
conc rete porosity by blocking the pores and thereby 
considerably hindering the free movement of the 
chloride ions and other reacting species migrating 
to the steel/concrete interface. Furthermore, the 
steel bar seems to have been passivated to such an 
extent that the reacting ions found it difficult to 
penetrate. 
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A comparison of the corrosion behaviour of the 
specimens with differing clay contents was made in 
sea water (Fig.7). Sea water was chosen as it was the 
most aggressive media used: it also combines 
differ~nt reacting ions such as Cl-. S042-. Br-. e~K 
Sea salt is known to be particularly aggressive to 
steel. due to the fact that it contains substantial 
concentrations of magnesium chloride in addition 
to the chloride from its major constituent -·sea salt. 
sodium chloride. The effect of NaCI on the 
conductivity of the liquid film and its destruction of 
protective corrosion films makes it deleterious to 
the corrosion behaviour of steel. In addition: MgCb 
acts to acidify the liquid film. and by its 
deliquescent action. to increase the time of wetness. 
The most negative potentials and hence the greatest 
corrosion of the embedded steel bar in concrete. 
were obtained in the order 0% clay> 5% clay> 10% 
clay> 15% day additions. Except for the specimen 
that had no clay addition. the above order became 
very dear on ly after the 20th day. In addition to the 
above discussion. the decrease in corrosion 
reactions and· in the corrosion of the embedded 
steel bar in concrete. as indicated by the rotential 
values. can further be explaineu on the basis of the 
nature of the clay chemistry. A strong clay-water-
silica-cement bonu ca.n be formed. in addition to 
the fine clay particles blocking the interstices. that 
could both hinder the free movement of chloride 
and sulphite ions. and the penetration and 
diffusion of atmospheric C02 into the concrete 
matrix. This will limit the number of reacting ions 
getting to the steel. as well as the occurrence of 
carbonation resulting from C02 penetration. 
As mentioned above. the lghokoda clay has a 
greater mineral kaolinite content than that of 
montmorillonite and others minerals. as shown in 
Fig. I anu Table I. The pH of the clay is 4.2. making 
it acidic and viscous . Clay particles. in general. 
possess a surface charge either due to rupture of the 
bonds (in kaolinite) or because of lack of electrical 
neutrality (in montmorjllonite). In both cases. 
exchangeable ions such as Na- may be adsorbed to 
provide neutrality[lO]: this anracts water molecules 
either to the edge, as in kaolinite, or between the 
plates. as in sodium montmorillonite. Surface 
attraction also exists between water and quartz 
(sand) because of an unequal balance of charges at 
the fractured quartz surface. A linkage. quartz 
(sand)-water-clay- is therefore set up. and this in 
combination with cement will form a very strong 
bond. 
The interaction of the sodium ion content of the 
sea water, the NaCI and NazSOJ respectively could 
activate the clay and thereby replace its calcium 
content and. in part. the calcium content of the 
cement. This will lead to the precipitation of a 
calcium salt (CaCh). When chloride is present in 
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the concrete mix. the tricalcium aluminate of the 
concrete can ' insolubilize· a certain portion of the 
chloride Juring the curing process[!}. This fact 
possibly accounts for the insoluble salt (CaCb/ 
NaCI).observcd forming on top of the concrete after 
some time during the period of the experiment. 
CaCb has been knmvn to be ueliberately addc'd to 
the concrete mixture (approx. 2% by weight of 
cement) t-o accelerate the set[ lJ. 
The acidic n:.i ture of the clay is an indication. that 
excess H • ions are bonded to the clay particles. The 
Na• (from the NaCl. sea water. etc.) which 
'activates· the clay by ion exchange/adsorption) will 
make the clay basic by replacing the excess H·. in 
addition to the contribution from the very h.asic 
composition of the ..:ement. As the pH changes 
towards the basic value. viscosity will also 
change[9]. thereby enhancing optimum 
distribution of clay particles within the concrete 
mixture. A good distribution is c'Xpected in order to 
make a contribution to good bonding in the 
concrete. blocking the interstices and hence 
reducing porosity and free chloride movement. 
This will also hinder C02 penetration into. and 
diffusion within. the concrete matrix. A 
combination of these factors should lead to a 
uecrease of corrosion of the embedded steel bar in 
the concrete. 
Conclusions 
I. The addition of clay to the concrete mixture 
reduces the corrosion of mild steel bar embedded 
in it. The greater the quantity of clay added. the less 
the corrosion reactions. This has been attributed to 
the bonding effect of the clay. and its blocking of 
the concrete interstices and consequent reduction 
in the porosity and hindering of the free movement 
of chloride and other ions. Blocking the interstices 
also reduces the penetration into and diffusion 
within the concrete matrix of the atmospheric C02 
which causes carbonation. 
2. Sea water was found to be most corrosive. 
fol lowed by the sodium chloride solution. with the 
sodium sulphite solution being the least corrosive. 
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Galvanic corrosion of API N-80 carbon 
steel and high ~romium steel in 
aqueou~ ~¥nvironments and its 
ipff•bition Part 2 
by Chun-Chi Su 
M aterials Research Laboratories, Industrial Technology Research Institute, Taiwan, ROC 
~b FIRST pan of this paper was published in our February 1989 issue. In it. the author explained the philosophy 
1 behind his research. gm•e experimental derails. and discussed the e_ffect of temperature on galvanic corrosion 
bl!tween the steels examinl!d. He noted that the galvanic e_ffect was more sign[{zcant at 70°C and l00°C in 0.03% NaCl 
solutions respectively. This concluding section reports on the e,ffect of chloride ions and the efficiency of inhibitors on 
galvanic corrosion. and presents t/11: author 's overall conclusions. 
2. Effect of chloride ion 
From the data given in Table 2. it is clear that the 
galvanic effect is more evident with the increase of 
sodium chloride concentration except at 70"C. At 
.,temperatures of 100°C and 150"C, the galvanic 
effect in 3% NaCI solution is more evident than that 
of the 0.03% NaCl soluti-on in which galvanic 
corrosion almost does ot occur. 
The corrosion rat of N-80 carbon steel does not 
change noticeab when it couples to AISI 410 SS at 
high temper ures (> 100°C), m 0.03% NaCl 
solution. der this condition, a dense corrosion 
product eposits on the surface of the carbon steel 
as shown in Fig.S(a). As the concentration of 
sodium chloride was increased to 3%, the 
morphology of the corrosion product film is 
changed, as shown in Fig.S(b). The crystals of the 
corrosion product are layer-like and do not 
completely cover the metal surface; however. no 
apparent difference on the morphology of the 
corrosion product is found in 0.03% and 3% NaCl 
solution at 70°C, as shown in Fig.6. This explains 
CORROSION PREVENTION & CONTROL August 1989 
why the galvanic effect is more pronounced at 
100°C and 150°C in 3% NaCl solution than .that in 
0.03% NaCl solution, and no apparent difference is 
found between 0.03% and 3% NaCl solution at 70°C. 
The effect of temperature on galvanic corrosion 
in C02-containing environments is affected by the 
chloride ion. It is propose at the chloride ion 
plays the following r : (l) it causes a higher 
potential shift of 0 carbon steel when it couples 
to AISI 410 S , and therefore results in the damage 
of the pro cti\;e film; (2) it changes the morphology 
and ch racter of the corrosion product (FeCOJ); 
and (3) it enhances the dissolution of iron (Fe - . 
fe2+ + 2e") due to the strong electron affinity. The 
above three reactions perhaps take place 
simultaneously and compleme nt each other. 
Inhibition efficiency of corrosion inhibitor on galvanic 
corrosion 
Table 3 shows the corrosion rate of coupled and 
uncoupled N-80 carbon steel v.ith inhibitor 
treatment and the protection perc.entage at ditTerent 
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strongly protected by the presence of a-phase, compared to its 
uncoupled corrosion rates. SAF 2205 is thus found lO have a 
much better corrosion resistance than corresponding austenitic 
stainless steels on this case. These tendencies are verified by the 
comparison of the active curves of SAF 2205, a- and -y-alloys. Al-
though these curves show real dissolution rates and are free tram 
any influence from the cathodic reaction, their shape is influenced 
by the modifications of the specimens surface during the dissolu-
tion process of duplex steels. 
.... An examination of the variation of the anodic current of SAF 
2205 with time within the active range shows a difference in the 
shape of the curves depending on whether one or two phases are 
involved in the dissolution process. A combined effect of surface 
alteration due to selective dissolution and the local variation of the 
solution composition is believed to be the reason for this behavior. 
.... A reduced dissolution rate at the corrosion potential of SAF 
2205 has been achieved by increase of the anode/cathode area 
ratio through heat treatment. However, a secondary peak of very 
high dissolution rate appeared on the active curve, which was at-
tributed to the above-mentioned local variations. 
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Electrochemical Noise Generation 
during SCC of a High-Strength Carbon Steel 
R.A. Cottis * and C.A. Loto •• 
ABSTRACT 
)stress-corrosion cracking experiments have been performed on a 
high-strength carbon steel exposed to acidified sodium chloride 
solution poisoned with sodium sulfide. The electrochemical poten-
tial of the specimen was monitored during the experiment, and 
this paper reports the observed electrochemical noise. The analy-
sis was performed using both the maximum entropy method and 
the discrete Fourier transform. A consistent noise behavior was 
observed throughout the experiment, with the only perturbation of 
any significance being associated with major transients that oc-
curred when the specimen actually failed. The average noise 
power measured over a period of the same order as the duration 
of the transients has been found to be an effective method of de-
tecting them, but it is expected that this will be much more diffi-
cult in service conditions. 
KEY WORDS: electrochemical, frequency, noise generation, 
power spectra, stress corrosion, time record. 
" Submitted for publication October 1986; revised August 1988. 
• Corrosion and Protection Centre, UMIST, P. 0 . Box 88, Manchester MSO 100, 
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INTRODUCTION 
Noise is a general term used to describe the fluctuating behavior 
of a physical variable with time. For an electrochemical process 
one may measure either the voltage noise (i.e. , the fluctuation in 
the electrochemical potential with time) or the current noise (e.g., 
the fluctuation of galvanic current flowing between two specimens 
or the fluctuation in applied current in a potentiostatic experiment) . 
For this work the voltage noise has been studied, and this intro-
duction will concentrate on this mode of measurement, although it 
will be appreciated that current noise measurements are similar in 
most respects. 
The phenomenon of electrochemical noise and the informa-
tion that it may provide on corrosion processes has received con-
siderable attention in recent years.1- 5 The analysis of electrochem-
ical noise is now considered to give useful information about the 
rate and nature of electrochemical processes taking place at the 
electrode, although the theoretical basis of much of the interpreta-
tion is somewhat limited. For a pure activation-controlled process 
the source of the noise is thought to be the stochastic fluctuation 
of the rates of the forward and reverse reactions. In the more 
common case (for corrosion) of reaction at filmed interfaces the 
source of the noise is somewhat less clear, but it tends to be at-
tributed to the breakdown and repair of the film. Other processes 
0010-9312/90/000003/$3.00/0 
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that can be expected to give rise to noise are the unstable initia-
tion and repassivation of pits, crevice corrosion , fluctuations in 
convective mass-transport, and the growth of a stress-corrosion 
crack. As the several mechanisms proposed for the growth of 
stress-corrosion cracks may be expected to have different electro-
chemical noise characteristics, it was felt to be useful to determine 
these characteristics for systems with reasonably well-understood~ 
mechanisms of crack growth. 
In this work the electrochemical noise generated during the 
sec of a high-strength carbon steel freely corroding in a deaera-
ted , acidified NaCI solution has been studied, and the noise emit-
ted correlated with the progress of the stress corrosion test. SCC 
in this metal-environment system is almost certainly due to hydro-
gen embrittlement, and it was expected that the cracking would 
occur by a discontinuous, essentially mechanical process, with the 
main source of noise being associated with the intermittent expo-
sure of fresh surface to the solution. 
EXPERIMENTAL PROCEDURE 
Material 
The material used for these tests was purchased as "gauge 
plate ," mainly because this provided a good-quality high-carbon 
- jeel in the form of thin surface-ground sheet. The composition of 
. • .1e material was: 0.95C, 0.35Si, 1.27Mn, 0.019S, 0.018P, 0.16Ni, 
0.06Cr, 0.08Mo, 0.12V, 0.02Co, 0.002Ti, 0.028Nb, 0.23Cu, 
0.05A 1, 0.04Sn and 0.01 7Pb. This was cut into blanks 120 mm 
long, 10 mm wide, and 1 mm thick. Preparation of the specimen 
involved heat treatment followed by polishing. Heat treatment con-
sisted of austenitization in argon at 800°C for 2 hours, followed by 
oil quenching. The specimens were then tempered at 207"C for 1 
hour. This heat treatment gave an ultimate tensile strength (UTS) 
of 2274 MPa and a Brinell Hardness of 680. The surfaces of the 
specimens were prepared by polishing with abrasive paper down 
to 1200 grit, followed by 3 and 1 ~m diamond. 
Sample Loading 
The specimens were loaded in buckling using a simple bolt-
loaded clamp which is shown in Figure 1. The main feature of this 
loading is the loading washer, which contains an annular groove 
into which the end of the specimen fits, thereby ensuring reason-
ably precise alignment. A large-diameter (20-mm) bolt was used to 
maximize the stiffness of the loading jig . The stress in the speci-
men was determined by measuring its curvature with a dial gauge 
mounted on a U-section stand, the stress in the outer fibers being 
,calculated from the relationship: 
·~ 
where 
S = Stress in outer fiber 
E = Young's modulus 
S = 4Etd 
-~O-
d = Distance of center of arc to the chord 
t = Specimen thickness 
I = Length of chord 
Environment 
The solution used was 3.5% sodium chloride solution , to 
which 500 ppm of sodium sulfide was added as a hydrogen re-
combination poison. Shortly before the experiment, the solution 
was acidified with H2S04 to a pH of 2. Additionally, the solution 
was deaerated with nitrogen in order to reduce the competitive 
effect of oxygen on the cathodic reaction. As a result of the low 
pH the sulfide would have been present predominantly in the form 
of H2 S, some of which will have been removed by the deaeration, 
but this still results in an environment with a very strong tendency 
to generate hydrogen, which dissolves in the steel. 
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FIGURE 1. Specimen configuration and loading jig. 
Time-to-Failure Tests 
In order to provide a baseline for the electrochemical noise 
measurements the time-to-failure was determined for specimens 
stressed to a range of values. The time to-failure was monitored 
visually, and by means of a record of the specimen potential. The 
results are shown in Figure 2. As might be expected for a very 
high-strength steel in an aggressive environment, failure occurs 
rapidly, even at re latively low stresses. 
Electrochemical Noise Measurement 
For studies of electrochemical noise, the specimens were 
stressed to 796 MPa (35% of the yield stress), giving a time-to-
failure of approximately O~ hours. The loading jig was supported 
above the surface of the solut1on, so that only the stressed steel 
was exposed to the solution. The electrochemical potential of the 
specimen was measured with respect to a saturated calomel refer-
ence electrode. The measurement was made with a Solartron(1> 
7055 digital voltmeter. This was controlled by a Hewlett Packard<2 > 
HP85 desk-top computer, which also served to record the read-
ings on magnetic tape. Time records consisted of blocks of 1 024 
readings taken at one second intervals. Allowing for a delay of 
about 3 minutes while the readings were written to tape at the end 
of the time record , each reading took approximately 20 minutes. 
Other than the delay in storing the data onto the tape, ti me 
records were taken continuously, hence aboi.J! eight time records 
were taken over the duration of a typical test. 
Data Analysis 
It is not clear that an optimum method has yet been devel-
oped for the presentation and interpretation of electrochemical 
noise data. The most common approach used is to transform the 
data from the time domain (i.e. , the time record) to the frequency 
domain to give a spectrum of the power density present at any 
given frequency. This is a common technique in various fields of 
physical science, particularly communications engineering, and 
several algorithms have been developed to perform this tranforma-
tion. Unfortunately. none of these are without difficulties when ap-
plied to typical corrosion time records, since they must all make 
assumptions about the properties of the variable being studied. In 
general the mathematically rigorous techniques assume that the 
variable is stationary , i.e., all its statistical properties such as mean 
and variance do not change with time. This tends to be a ques-
tionable assumption for corrosion processes; in particular the 
mean value of electrochemical potential is frequently observed to 
drift with time. The variance may well change with time as well , 
although this is more difficult to detect by inspection of the time 
record. 
Ill Solartron Instrumentation Group, Sangamo Weston, Inc., Irvine, CA. 
121 Hewlett Packard Co .. Precision Instruments , Palo Alto. CA. 
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